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ABCTRACT

An mxnsrimental invastigation was condueled that wae Concerned with
the initial phases of a resecarch program for deteniining the marner in
which certain bagic variables influence the high frequency cnmbustion
pressure oscillations in & rocket. motur, The experimental inwvestigation
reported herein waa ronductcd with & gaseous hilpropellant rocket motor
which simplified ihs expsrimcntal work by eliminating several varisbles
which enter into the combustion process: atomization, vaporization, mix-
ing, ete.

The combustion pressure oscillations observed in the subject inves-

ti_ation had frequsncies ranging from 550 to 1729 cycles per second for
@ Wanoveiel nods, Ma sembmotdon orassura oieillations were measured
uwith a rathode ray oscillograph.

T™ae effects of combusiion chamber geomitry, tne nvzzle configuration,
the heat-relsase rates of the propellants, the combustion preesure, and
the equivalence ratio upon the ccmbustiot: pressure oscillations were in-
vestigated, -

It is planned to continue the experimental work performed with the
geseous biprop=llant rocket mutor so that additional basic information

regarding the mechanism of high frequency combustion pressurs oscilla-

tions can be determined,



In general, there are two basic types of combustion pressure oscil-
lations encountered in rocket wotors; "low frequency ccmbustion pressure
osrillati-na" and "high frequency cowhusticn pressure cocilletions,!
This report will be concerned only with the high freyuency combustion
pressure oscillationa (1)(2).#

The frequency range of high frequency ccmbustion pressurc oscilla-
tiona may be from meveral hundred cyelea per second fo possibly 12.000
cycles per second, and the mode of oscirllation may be longiiudinal,
radial, or tangential (see Fig, 1), It is believed vhat the tangential
mode, also called the "sloshing” mode, is the most destructive to the
rocket motor, From a broad point of view it 1s possible to segregats
the variables influencing the combustion mechanism of liquid propellants
into three classes diascussed below, Although the pertinent variables
are listed separately for simplicity, it is recognizsd that all of them
are interrelated and many of them act simultaneously, Thz afore-mentioned
three clasaes of variables are

(1) variables pertinent to the preparation of the propellant

for combustion;

(2) variables which influsn:ie the reacuion kinetics of the

mixture, including these influencing the rate of heat

transfer to the mixture; and

# Nunknr .r parentheses apply %2 refcrences in the Bibilography, Ap-
pendix E,
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(3) variables relatcd to the gromwetric configuration of the
thrust chamber and the exhaust nozzle, which influence

the pgas JYynamical processes in the rocket motor,

Variables Which May Tnflnence Combustion Preasure Osciilations

The individuel variables, which may pluy ¢ part in either agarovat-
ing or dampening tiie tendeacy fur hiigh frcoquincy combustion preasure
oacillations to occur, will be listed as three separate groups,

(a) Propellant Prevaration Factors, The principal vuriubles re-
lated to the preparation of the propellantz for corbustion are as fol-
lows:

{1} e d0gitc of Wivadzabicn of tho propullunto;

(2) the penetration of the propellant streams into the gases

existing in the combustion chamber;

(3) the vaporizatlion rate of the propellants;

(4) the degree of unifornity of the vaporiwed propellants

(reactive mixture);

(5) the temperature distribiition of the reuutive mixture;

(6) the spatial distribution of ths reactive mixture in the

thrust chamber; und

(7) the fuel/oxidizer ratio distribution for the reactive mixture,

(v) Chemical and Heat Transfer Factors, This category includes

the following:
(1) the rate of flame propagation through the peryinent, propel-
lents at different mixture ratios:
(2) the offect of the temperature and pressure of the vaporized
propellants upon the rate of burning at different mivture

ratios;

wetmn—
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(3) the effect of non-uniformity in ihe mixtuce distribution upon
the burning rates;

(4) the effect of the temperature distribution upen the burning
rates;

(5) the effect of diluents, such as the hot burned gases which
are vecirculated into the vaporized propellunts, upcen the
temperature distrivution, homogeneiiy, amd bLuaic, caves,

{c) Geometricel Factors. The geometrirzl [actors wiich appear to

be important are as tollows:

(1) the aspect ratio which may influcnice tie recirculstion of
hot gases and the reflectlor of pressure w.ves to the com-
bustible mixture;

(2) the configurition of the exhaust nozzle, aince it tco may

influcnce the recirculation of hot gapcs and ihe reflection

of rreasure waves into the conbustible mixture; and
{3} the combustion volume, especially with reapect to the effect
cf difrerent distributlens of the propcilant mixtiure vpon

the combustion processes.

Gcope of the Research Program
The objectives of the research propram are concerned with determin-
ing the relative importance of several of the pertinent physical and
chemical factors upon combustion pressure oscillations. Because of the
preat experimentsl difficulties attendant upon the determination of il
influence of cach of the pertinent variables geparately and in the inter-
est of simplifying the experimental work it was deemed logical to &lim-

inate as many of the variables as poseible, espzcially in conlacting vhe
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first phases of the »tsearch program, Conseguently, first phases of the
regearch program were concernod with tns factora influencing the oscil-
lations in tho combustion pressure of a rocket motor hurniig a gaseouz
oxidizer and a gas=cue fuel,

The principal reascns for conducting the Initinl inveot{igations
with a gussous bipropeilant rocket meter are as follows:
(1) any intlusnce of tira vaporization of the propullunte 1u thus
eliminated;
(2} the mixing of the gaseous oxidizer and gaseous fuel can bo
readily controlled;

the heat-release rale of the propellants ran be changed

~~
o
~

meckedly and conveniently by merely changlng the gas used
for the Mel, or the gas used as the odldizer;

{4) the :iTect of uiluenis, such ag niircgen or certon dioxide,
can be stulled cornveniently;

(&} the non-homogeneity in the composition of the reactive mix-
tare can be controlled quite readily; and

{6) the fuel/exidizer ratis can be reanily changed, snd even

varied throughout the rocket motor,

Details oi ths Research Progroz
Below is presented tha detalled research pragram, which is of
necessity & long range program, and divided into six phuses,
Phass I, Thie phase is concerned with studios for dstermining the
effect of the pertinent wvariasbles upen the combustion pres-
sure oscillations in a gaseouvs bipropsllant rocket motor

for a slngle bipropellant combin~iion,

T —



Phase II, This phasn is concerned with studics for determining the
effect of the heat-release rates of the propellant upon
the combustion pressura oscillations,

Phase II1I, This phase is to be concerned with studying the effect of
the vaporizetion characteristics of different oxidiners;
tha fnal heing in the gascous state,

Phase IV, This phase will be concerncd with stulicsc of the cffcst ef
the vaporization charscteristics of differeni fueis; the
oxidizer being in the gasecua etate,

Phase V, In this phase the experimental resulte obtainsd from Phases
I and IV inclusive wil] be correlated with the object of
doveloping a theory which can be applied by the desigaer
of a rocket motor.

This p!ms" CC‘!:';‘;‘.I"iS‘EI’ nn g_’(lnr_sy'!mn_r-?n_‘ nrogmem for {!hﬁﬂkins

d
<2
P
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the theoretical results developed wider Pnase V.

The prescat mepsrt is concerned with the cosulis of experimental
investigationa conducted wrler Thesrs T and 11 above, The investiga-
ticie were conducted for the purpose ot deovesmining the influencee of
the following variabies uapon the frecuency and amplitude of high fre-
auency combustion vresuure cucillaitious in a paseous bipropellant rocket
wei o (b corbochion deanber deopth, (0) sleudy state combustion pros-

sure, and (3) the conigvratious of the exhamust nozzle.



METHAC OF INVESTIGATION

Genoral Prosedurs
1. Investigation of tlie Effect of Combustion Chambor Length

In these experiments the length of the combustion chamber L was
changed, in ateps, from 6 in. to 16 in, by inserting or removing spacing
rings as required. A serles of experiments with 1L as the variable was
conducted with each of the following propeliant combinations; (a) methane-
air, (b) ethane-air, (c) ethylene-air, and (d) propane-air. In each
series of experiments the other pertinent variables, such as steady-state
vombusbivii pFessWwre, pressurs drops in the alr and fucl linss, the nousule
configwation, the injector configuration, fuel-air premixing chamber
configurations, and equivalence ratio were maintained constant.#

The combustion pressure oscillations were msasured with Photocon
pressure transducers in conjJunction with a six-channol Hathaway cathods
ray oscillograph (See Appendix B), Figurs 2 illustrates schematically
the locatlions of the pressure transducers; at least two were located
2 1/2 inches downstream from the face of the injector and one 2 1/2
inches upsiream from the entrance plane of the exhwust nozzls.

In all of the experiments discussed in this report, the variables

for computing the air and fuel (gas) fl~w rates, were measured, and

* Egulvalence ratio is the fuel-air ratio (by weight) divided by the
stolchiometric fuel-air ratio.



PHOTOCON
PRESSURE
TRANSDUCER—— [

INJECTOR

©

PHOTOCON

» PRESSURE
__~ ‘TRANSDUCER

b

R T W B TR R
COMBUSTION
CHAMBER —
N PHOTOCON
N PRESSURE
T:’,_numsn::uct-:r«
NOZZLE
| -y - J j oy
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alsc Lhe injection and steady—state combusticn pressures,

Figure 3 18 a schematic flow diagram for the apparatus employed in
all of the experiments discussed in this report, The detailed operating
procedure is described in Appendix C,

2. Investigation of Effect of Steady-State Combustion Pressure and
Equivalence Ratio

In these experiments the equivalence ratio was varied from the rich
to the lean limits of inflammability, for different constant values of
stoady-state combustion pressure, The latber was varied from 20 to 200
psia, The experiments were conducted with methsae and air, ethane and
air. and ethylene and air, In all casss such varlebles as the length of
combustion chamber, the mixing chamber configuration, injector configura-
tion, and nozzle vonfiguration were held conciant,

The oselllations in the combustion pressure were measured with four
Photocon pressure transducers in conjunction with a six-channel cathodse
ray oscillograph, Threse of the pressurs transiucersz werc spaced circum-
ferentially (90° apart) 2 1/2 inches downstream fr-m the injector and

the fourth was loceted 2 1/2 inches upstream from the nozzle (see Fig, 2).

3+ Investigation of Influence of Hozzle Configuration

In this series of experiments three different converging nozzles
were employed their geomeiry is illusbraved in Fig, 4e In all cases
the propellanis were methane and air,

Each nozzle was operated with the following parameters maintained
P the oir =id mothane suprly Jines, the

L VUM U Ty o
TONB LWIL § LIIE Proddid o WiITps &di Wil 4 . maertnanng supr

mixture chamber configaration, the injecior configuration, the equivelence

Y
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ratio, and the steady staie combustion pressure,
The locations of the pressure transducors we

under the preceding sub-title,

re those described

12



EXPERIMENTAL RESULTS

1, Types of Combustion Pressure Osclillatilons

Figura 5 18 ar omscillograph record obtained from a gaseous bipropel-
lant rocket motor burning propene and air, designated as PA, at a com-
bustion pressure of 45 psia, with an equivalence ratio (E.R.) of 1,2,
snd a combustion chamber lenwzth of 22 5/8 inches. It is scen that the
high frequency oscillations developed from what were initially low fre-
guency vscillations; 4 similas plonvnais tas vecu aupurbed by nvooud:
gatora using liquid bipropellant rocket motors (3).

Figure 6 1z an . .i1lograph rerord obtained under identical operat—
ing conditlons except that the length of the combustion chamber was
28 inches irstead of 22 5/8 inches, It io seen from Fig. 6 that in thi.
case high frequency combustion pressure oscillations developed following
a period where tha combustion pressure was uniform, There was no ap-
parent initiating disturbance, It is apparent, however, that as the
emplitude of the oseillations increase thelr wave changes, For conven-
ience of description the term "sinusoldal oscillations" will be employed
foy Qeserlbing Lhuse baving o praciically sinusoidal wave shisps, eud
the tsrm "shock type" for those having rapid rates of increace in pres-

sure, It has been observed in the experiments conducted with gaaeous

odcillations increcase in amplituds they be:ems transformed irto the shock

type of oscillations. Experimenters with iiquid propellant rocket motors
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16
have reported similar phenomena (4)(5}{6}.

Flgurs 7 1s a record obtained for the same conditions au for Fig, 6
except that the combustion chamber length was reduced to 22 5/8 inches,
In this case the frequency of the combusiion pressure oscillation is
5470 cps imposed upon an osclllation of 686 cps {ses channel 2); the
let:ger frequency correspouds tu that for ihe fundamental longitudinal
mode for the lengi’y of combustion chamber (22 5/8). On the other hand,
the frequency of 5470 cps does not correspond to any harmoniec of its
Yongitudinel mode of opecillation,

Figure B illustrates the effect of reducing the lenrth of the com
bustion chamber to 6 5/8 inches, all other variables wemuining sensiunt.
Here again the ogclllations have a frequency of 5470 cps, and as stated
earlisy they do not correspond to any longitucinal mode for the combus-
tiom chamber, Tt fa concluded, therefors, thad thu 5470 cps sacillatlion
is not & function of the length of the combustion chember, and that the

mode of the oseillation is oue of the transverse types (radial or tan-

gen‘bial) »

2., Effeet of Changing the Length of the Combustion Chawber

Figure ¢ is an oscillograph record showing high frenuency "sheck
type" oscillations of the longltudinal meode obtained from & propane-air
rockel motor having a combustion chamber length of 28 inches: the emudye.
lence ratio was 1,290,

Figurs 10 precents typical oscillograme® fur une cycle of the shoqk

type of high frecuency ccabustlon pressure oscillations for the same

# An osclllogram is a piwSngraph of the display on ths face of the
cathode ray tube »f a3 oacilloscope,
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rocket motor burning (a) methane~air (b) ethane-air, and (¢) propane-
air, It is seen that in each case the pressure increase consisted of
twe rapid changes in prescure, The firat oceurred whein a lungitudinal
pressure wave passed over the pressure sensing diaphragm of the Photocon
transducer in moving from the nozzle toward the injector. The second
pressure change is due to the same pressure wave being reflected irom
the face of the injector and again moving past the diaphragm of the
Photocon transducer; from the injector towards the nozzle, From the
oscillograms presented in Fig, 10 the rates of pressure rise obtained
with the different gaseous propellants is readily determined, Thus for
propane-air eack pressure rise was approximately 7 psi and occurred in
approximately 72 microseconds, giving a rate of pressure rise of approxi-
mately 97,200 psi per second, indicating that the prossure rise was due
to a shock wave,

Figures 9, 11, 12, and 13 are oscillograpi. records from experiments
with four rocket mctors each having combustion chambers of ihe sume
diameter but different lengths. Figure 9 was obtained from a rocket
motor having a combustion chamber length of 28 inches, Chamnel 2 in
the figure presents the static pressure as measured by a Photocon trans-
ducer located in the wall of the combustion chamber 2 1/2 inches upstream
from the entrance to the nozzle, and channel 4 is a record of the staiic
pressure 2 1/2 inches downstrear from the injector; the calibravions for
channels 2 and 4 are also shown on the record, Channels 1 and 3 are
static pressure records obtained from high presswre (2000 psi) trans-
duecars, and channel 5 is a record of the noise in the test cell au mea—

sured by a microphone, No information was taken from Channels 1, 3, and
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5. It is apparent from the records obtained from channels 2 and 4 that
the combustion pressure osclillations were of the "shock" type, their
frequency was 570 oycles per second, and their peak to peak amplitude
was 22 psi,

Figure 11 illustrates the effect produced by reducing the length
of the combustion chamber from 28 in, to 22 5/8 in, The 5 chan-
nels in Fig, 11 repregsent the same parameters as in Fig, 9; the pressure
calitrations for channels 2 and 4 are shown on the records It is seen,
from channela 2 and 4, that the combustion pressure oscillationa were
of the "shock" type, their frequency was 685 cycles per second, and
their peak to peak amplitude 22 psi,

Figure 12 is an osclllograph record obtained when ihe length of the
combustion chamber was decreased to 16 5/8 in, Channel 2, in Fig. 16,
pregsents the static pressure as measured by & Photocon transduccr located
in the wall of the combustion chember 2 1/2 inches upstream from the en-
trance to the nozzle, and channel 4 presents the static pressure as mea-
sured by a Plotocon transducer located in the wall of the combustion
chamber 2 1/2 inches downstream from the injector; the pressure calibra-
tions for channels 2 and 4 are shown on the record, Chennel 1 is a
stat’.e pressure record obtained from a high pressurs (2000 psi) trans-

ducer, and channels 3 and 5 had no input applied to them, The recorda

by 2 te that the combuation preasure

obtelned from channsls

-
k
I3
+

and
oscillations are of the "shock" type, their frequency was 948 cycles
p ¢ second, and their peak to peak amplituds 17 pei,

ure 13 is the record obtained from a rocket motor having a com-

bustion chamber length of 12 5/8 inches, Channel 2, L: Fig, 13, presents
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the static pressure as measwred by » calibrated Photocon transducer lo-
cuted in the wall of the combustion chamber 2 1/2 inches upstream from
the entrance to the nozzle, It is seen, from channel 2, that the com-
bustion pressure oscillations were of the "ginusoidsl® type, their fre-
quency was 1219 cycles per second, and thelr peak to pesk ampliiude
3.5 pad,

Figure 14 presenta the frequency of the combustion pressure oscil-
lations, as obtained from the oscillograph records, as s function of Liw
length of combustion chamber for five different valuss of combustiion
chamber length for the case whers the propsllants were propans-air
burned under the conditions indicated in ihe figure, Experiments con-
ducted with the propellant combinations methane-air, ethane-air, snd
sthylene-gin yielded similar relstionships between ths {requency of the
osvillations and the length of the combustion chawber,

Figure 15 presents ths amplitude of the combustion pressure oscil-
lations ws a functlion of the length of the combusition chamber for the
propellant combinations of methene~alr, ethang~air, and ethylene-air,
In all of the experimonts the pressure drops in the air and fuel lines,
and the steady-states gombustion pressure were held constant, The varia-
bles were the combustion chamber lsngth and the eguivalence ratio, The
curves in Fig, 15 were obtained by plotting the largest amplitude of

the pressur

-4

ogeillation for a given lengih of combustion ~hambor, The
frequency and magininde 28 thy ogcillations were obtaived from ns3cillo-

graph records such as those presented for propans and air,
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4, FEffect of Changing the Bquivalencs Ratio

These experiments were conducted for the purpose of detarmining the
influence of the squivalence ratio upon the susceptibility of & rocket
motor to combustion pressure oscillations, The experiments wers con-
ducted with the following propellant combinations; methane-air, sthane-
air, and ethylens-air, Tn all of the expsriments the length of the
combustion chamber was 16 1/k inches, and the same erhaugt nozzle (No, 1,
Figs 3) was employed. The steady-statc combustion presaure was voried
from 20 to 210 psia and the eguivalsnce ravios from approximabely O.k
to Lok

Figure 16 is a typical oselllograph record from & rin using ethane
and wir s poopcllonts vhewodn dhe standy-atsha combustion pressure wWas
83 pala and the squivalence ratio was 0,990, and Fig. 17 is one for the
game propellante for a steady-stale combuailon pressure of 113 psia and
an equivalence ratic of 0,991, Four Photocca pressure transducers wers
uaed in the experimeats, Channels 1, 3, and 4 of the oscillopraph
pecords shown in Figa. 16 and 17 present the gtatic presmure ag meagured
by a Photocon pressure transducer located 2 1/2 inches downstresn from
the injector face. Channel 2 presents the static pressure as measured
by a Photceon pragsure transducer located 2 1/2 inches upstream from
the nozzle face,

Figure 18 iz an oacillograph record obtained using methane and air
es the propellants and illvptrates the trangverse pscillations encountered
when the sieady-state combustion pressure is inereasad over 150 psia.
The steady-state combustlon pressure was 210 psia and the squivalence

ratio was 0.670, Channel 2 presents the static pressure meagsured by a
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Photocon pressure transducer located 2 1/2 inches upstream from the
nozzle face end channel 3 presents the static pressure as measured by
a Photocon pressure transducer located 2 1/2 inches downstream from the
injector fasc.

Figures 16, 17, and 18 illustrate the effect produccd by increasing
the combustion pressure from 88 to 210 psia. It cun be seen that as the
steady~state combustion pressure is increased, the oscillations transform
from & longitudl.aal to a transverse mode,

Figure 19 presents the equivalence ratio as a function of the mean
combustion pressure for the above series of experiments. The curves
represent the limits of regions wherein longitudinal combustion pressure

oscillations ocrurred for the cifferent propellant combirations,

L. Effect of Nozzle Configuration

Figures 20, 21, and 22 present oscillograph records iliustrating
the effect of nozzle configuration upon the wave form ol the corbustion
pressure osclllations, for a rocket motor burning me®hane and air, In
these experiments the steady-state combustion pressure, the corusticn
chamber length, and the equivalence ratio were held constant and dif-
ferent nozzles having the same throat diamsters were employed, The con-
figurations of the nozzles are shown ir Tig, 3,

Figure 20 is an oscillograph record illustrating ccmbustion pres-
sure oscillations which occurred when Nozzle No, 1 (see Fig, 3) was em-
ployed,

Figure 21 was obtsined with Nozzle No. 2 (see Fig, 3) and Fig, 22

wivh Nozzle No, 3,
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In all of the experiments channels 1, 3, and 4 present the combus-
tion pressure measured by a Photocon pressure transiucer located 2 1/2
inchee downstream from the face of the injector, and channel 2 that mea-
sured 2 1/2 inches upstreem from the entrance secticn of the exhaust
nczezle,

By comparing the records obtained from channel 2 in each of the
afore-mentioned vscillographs it is seen that changing the noz2le con-
figuratlon alters the wave form of the longitudinal combustion pressure
oscillations from the "shock" type., It appears that by properly shaping
the sntirance section of the nozzle the amplitude of itie oscillations may

be reduced to an insignificant value.
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1, Effect of Lepgih of Combustion Chamber

A, Longitudinal Mode

Figures 14 and 15 illustrate the effect of changing the length of
the combustion chamber upon the frequency and amplitude of the combus~
tion pressure oscillatinna of the longitudinal mode, The curves show
that the length of the combustion chamber has & decisive influence upo.n
the frequency, amplitude, and type of combu2tion pressure oscillations
of the longitudinal mode, The following me>hanism is postulated foy
explaining the influence of the length of the combustion chamber upon
the characteristics of the cominsticn pressure oscili-licrs of the
longlvudinal mode,

Consider a small pressure disturbance traveling longiiudirally
dovnstream from the injector toward the nozzle, During the iime that
the pressurs disturbance is moving in the downstream direction, the
combustion process in tie nsighborhood of the injector proceeds at a
norwal rate, After the pressure disturbance is reflected upstream from
the énirance seciion of the nozzle it iraverses the recently ignited and
unburned propellants as it moves toward the face of the injector, The
pressure wave compresses the unburned and burning mixture traversed by

2 dhomaohs dnamanstas s & oamasacend g ood cwasaama oA s
-b WECTOUY MITTTRLLGE TUmMPLTavul’sS Giss paSodSwWe W COh—

4]

sequently the heat-release rate, Because of the increaszed rate of heat-
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releaus the preasure disturbance becomss amplified Lscauss of the in-
creased rate of production of hot combustion gases; the latter rate ex~
ceads that corresponding to the steady-state combustion pressurs, The
amplified pressure disturbance is reflected from the injector facs and
again traverses the unbumed mixture sugmenting the dburning rats and
consequently further amplifying the pressure disturbance,

In 8 rocket motor havir; & shori tubular combusvion chamber, the
tins for a pressurs disturbance to traval twe.. the length of the combus-
tlon chamber is short. Conseguently, only a small amount of ¢ mbustible
nixture iz injested inte the combustlon chasber during the time requiresd
for two successive reflections of a pressure wave from the face of the
injector, The smaller ‘“e quantities of burned and burning propellants
iraversed by a pressurs disturbance the smaller ic the ernargy reolsass,
and consequently the amplitude of the combustion pressure oscillations,
It is conceivable that if the combusiion chaumber is short enough the
amplitude of the combustion presswre oscillations of the longitudinal
mode may becoms Inslgnificant,

Increasing the length of the combustion chamber incresses the time
required for a pressure disturbance o traverse twice the length of the
combustion chamber, Simultanesusly, the gusntities of unburned and
burning propellants present in the combustion chamber between successive
rofiections of the pressure wavs are increased. One may, thersfors, sx-
peot an increased amplification of combustion pressure because of the
larger amount of thermochemical ensrgy released by the pressure wave com-
pressing the larger amounts of unburned and burning propellants. It is

conselvablie, however, thet if the combustion chamber weve made sufficlently
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long the pressure disturbance will be considerably atienuated before it
can traverse twice the length of the combustion chamber. Thus the re-
turning pressure wave could bs too weak for raising the temperature and
presaurae of tha unturned and burning mixture significantly, and, there-
fore, there would be no amplification of the pressure disturbance.

The experimental results presented in Figs. 9, 11, 12, and 13 ap-
pesar to confirm the mechanism postulated in the foregoings No data were
obtained, however, for combustion chember lengths exceeding 28 inches,
Comparison of Fig8, 9 and 11, for the longer chambers (28 and 22 5/8
inches respectively) with Figs. 12 and 13, showa that the amplitudes of
the oscillations for the longer chambers were larger than for the shorter
chambers, Furthermore, in the experiments wivl 8 GUmbUSbivu Ghawbes
6 5/8 inches long, no high frequency combustion pressure oscillations of

the longitudinal mede ecould be initiated.

B. Transverse Mode

Figure 7 shows the presence of en oscillation having a frequency of
54,70 cps superimposed on the longitudinal mode, Regardless of the length
of the combustion chamber, the presence of that frequency was noted in
all of the propane-air experiments which exhibited the transverse super-
imposed upon the longitudinal mode,

Moreover, the frequency of 5470 cps does not correlate with the
fundamental frequency or any harmonic of a longitudinal acoustic mode.
It is concluded, therefore, that the 5470 cps frequency is some form of
transverse mode of combustion pressure oscillation, that is, radial,

sloshing, or spinning (see Fig, 1).
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No detalled information could be obtained regarding the 5470 cps
oscillation because the Photocon pressure transducers were located so
that only the longitudinal mode could be identified, It is plamned to
make o detalled study of the transverse modas of oscillation by employ-
ing rocket motors having larger diamoter combustion chamlers, so that

the identification of the various transverse modes will be simpler,

C. Comparison of the Experimental Results with a Mathematical Analysis
Figure 23 shows the freguency of a longitudinal mode in cps a4s a

function of the combustion chamber lengih in inches, The curve labeled

"Theoretical" was computed from the foliowing equation derived by

Tischler et al (7).

¢ = 0:36 nc#
L

where

f 1s the frequency of the longitudinal oscillation in cps,

n 1s a harmonlc factor,

C* 18 the characteristic velocity in ft/sec.

L is the length of combustion chamber in ft,

The curve marked "Experimental" is the same as that presented in Fig. 14
for the propane-alr propellants,

It is seen that the experimental values for the frequency of the
oscillations compare favorably with the caleculated values, even though
the assumptions employed in deriving the oquation limit its application to
systems having no energy addition within a cycle, s constant velocity

for the speed of sound, and no steady-state velocity through the system.
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Actually, spart from aiding in 1dentifying the mode of the oscillation,
1ittle is geined by comparing the experimental und calculated values of
frequency.

(Mther theories are bassd upon the concept of a time lag (8). 4
part of the time lag includes vaporization and mixing of ths propellants
but these processes are absent in the rocket motor employed in the ex-
perdmental work reported herein; the propellants were premixed gazes
prior to their injection into the combustion chamber, No comparison wss,
therefore, made with the theoretical resulis of the afore-mentioned type

of theory.

2. Sleadv-Stste Oambuatinn Pecarcima Remivnlonan Datdn Denandment o

Flgure 19 presents the equivalence ratie as a function of the mearn
combustion presswe for the methane-air, ethsne-sir, and ethylens-air
propellants. The curves shown in the figure delineate the regions of
stable combustion, cowbustion presswre oscillations of a longitudinal
mode, and osciliations of a transverse mode, To illustrate, for the
ethylene-air propellants no oscillations were obssrved in the region to
the left of the curve alblcl. In the region enclosed by a‘lblcl the
cscillations were of a longitwiinal mods, but In the region enclosed by
dlalblel they wers of a transverse mode, For methane and air the region
whareln the combustion was cascillatory covered the smallest range of
equivalance ratios for the propellant combinstions investigated, On the
othar hand, combuation pressure oscillations wers encountered with the
ethylene-air propellants over the widest range of eguivalence ratios,

It is possible to rslasts the stability reglons to the hest-release

rates vor the propullsnt combinations, The rats of heet-relsaze for o
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propellant combinatin (gee Apperdfx C) depends upon {a) the combustion
pressure, and (b) the equivalence ratio, Since the length of combustion
chamber exceeds lts dlamoter, it tukes longer for a longitudinal com-
bugtion pressure wave Lo traverse the combustion zone than it does for
a transverse wave, OConsequently, & lowsr heat-release rate is required
for sustaining a longltudinal than a transverse oscillstion, Increusing
the stesdy-~state combustion pressure, however, may increase the healm
release rate sufficiently so that only the transverse oscillatlons can
be sustsined, It apopears, therefure, that beyond & certain critical
steady-state combuation presswe {150 psis for methane and air) only
oscillations of a transverse mode will ocour, and helow that combhustion
woxsswe the longitudinel mode appears, 7The sthylene-air mixture has
highar hest-relerss rates at a given initisl combustion pressure than
the other propslliants, Consoguently, for the rcasons given above the
transition from the longitudinal to the transverse oscillatlons oceurs
at lower steady-state combustion pressures for sthylene-air than for
methane-air,

Filgwrs 24 11lusiraios qualltatively the offect of the equivalenne
rebio upon the heat-release rates of mixtures of methane and air,
sthans and sir, and ethylene and alr {8)(9)(10). It is aeen from Fig.
24, that for & given heat-ralenss prate the range of equivalence ratio
is lurger jor einylene than for meihane and ethane, Tuus, the range of
equivalence ratios in which combustion pressure oscillations could occur
for sthylene would be greater than those for methane and ethans.

s + ad ave o
corbustion preszsure for methane and alr excseds

When &b

4% $52 &

approximately 150 psia the range of equivaience ratios giving combustion
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pressure sscillations of a longitudinal mode is quite narrow, At com-
bustion pressures above 150 psia the amplitudes of the longitudinal
combustion pressure oscillations biceme very small (less than § psi),
but large amplitude transrerse combusticn pressure oscillations may oe-
cur (see Fig, 18).

For the ethane-air propellants the ccmbustion pressure oscillations
traneform from a longitudinal t¢ 1 transveoroe mode at a lower steady-
astats combustion pressure than for the methane-air propeliants. The
~thylene-air combination has the highest hea*t-release rate cf the pro-
pellents investigated, and with those propellants combusticon oscillations
of a longitudinal mode transformed into vscillations of 8 trancverse moda
at. rommatian neacanmas as Taw as 40 naia,

For all of the propellants investigated no oscillations were cob-
served below some value for the steady-state combustion pressure. Ab
those low pressures, the propellant flow rates are small and the amount
of energy supplied per unlt time to the combustion zone was insufficient

for driving a combustion pressure oscillation,

3, BEffect of Nozzle Conflguration

A comparison of Pigs, 20 and 21 indicates that a slight coufigura-
tion change in the converging porticn of the nozzle has no appreciable
influsnce upon the wave shape of the combust’ on pressure oscillations.

Figure 22 illustrates that the wave shape of the oacililation shown
in channel 2 (the Photocon transducer located 2 1/2 inches upstream of
the nozzle emtrance) differs marviedly from that of the shock type. The

difference may be atiributed to the face tihal the entrance secilon of the
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nozzle no longer affords a surface from which pressure waves can be re-
flected in the longlt :dinal direction with full intensity but causes

the reflected pressure waves to interfere wilh each other.
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CONCLUSIONS AND RECOIMFZDATIONS

From the experiments performed thus far under Phasee I and II of
the program; i*% is apparent tnat little is known of the mechanism whersby
high frequency combustion pressure oscillations are initiated, ampiified
and attenuated,

The expsriments discussed herein were conducted with premixed gases
as the propellants, The time lagas for vaporizing and mixing the propel~
lants, present in the case of lijuld vropellants, were aboent (11),
Nevertheleas, high frequency combusticn pressure oscillaLiONS WEre ov=
talned, It appears probable that the time lag required for vaporizing
and mixing liquid propellants may not bs & predominating factor in the
initiation of high frequency combustion pressure oscillations, More ir-
vestigation is needed to establish that point.

The experiments indicate thet the rate of heat-r2lease of a propel-
lant combination is an important factor in initisting high frecuency com-
bustlon pressure oscillations; the normal burning velocity was the prop-
arty employed . comparing the heat-release rates of premixed gases,

The experimerts demonstirate that the geometry of the combustion
charber exercises a decisive influence in initfating and sustaining the
high frequency combustion pressure oscillations, Furthermore, the con-
figuration of the exhaust nozzles affec.: the wave form of the high fre-

queney combustion pressure oscillations,
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Although tranaverse combustion pressure oscillations were observed
in the experiments, insufficient studies of that phenomena were made
for deducing general conclusions. Research has been planned, cmploying
larger diameter motors. for making a more complete stiudy of the trans-
verse modes of oscillation,

It is planned to expand the experimental program concerned with the
influence of heat-release rates upon the high frequency combustion pres-
surc oscillations, It is also planned to atudy the effect of changing
the location of the propsllant injection system and also the influence
of fuel additlvee upon ths higi {reguency combustion pressure oscilla-

tions,
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NOTATION

Arrhenius constant

local concentration of fuel
local concentration of oxidizcer
characteristic velocity

2,71828

prtivatian anowos

ethane-air

ethylane-air

equivalence ratio

function of the transport properties of the system
frequency

acceleration of gravity

a constant

length of the combustion chamber
methane.air

combustion pressure

local pressure

huat. releasa rate per unit volums
gas constant

experimental flame speed
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local temperaturs
adiabatic flame temperature
reaction rate

portion of fuel remaining unburnt
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APPENDIX B
DESCRIPTION OF APPARATUS
INSTRUMEN TATION AND MEASUREMENTS

1, General Description, Figure 25 illustrates schematically a plan
view of the test cell, propellant supply tanks, and control room, Al
of the rocket motor experiments described herein were conducted in the
above test cell, The control panel for remote operation of the rocket
motor and also the requisite instruments for recording the data were
located in the control room,

2. Gonirol Room. The control room contained the *firing control con-
sole," the indicating and the recording pressure gages for steady-state
readings, the high frequenr » pressure measuring instrumentation, the
tewperature indicators, and the instruments giving the steady-state flow
rates of air and fuel, iflgure 26 illustrates the arrangement of the ap-
paratus, All of the operaiions of the rocket motor were controlled from
the "riring contrel conscle" which contained all of the requisite con-
trol switches,

3. Test Cell., Figure 27 is & photograph of a rocket motor mounted on
the thrust stand in the test cell, The latter housed the rocket motor,
the thrust stand, and the fusl and air feed lines and their associated
apparatus.

4(a), Air Supply System, High pressure air at approximately 1500 psig

was suprlied to the pressure reducing system illustrated in Fig, 3. By
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aeans of the latter system the air entered the cell al a constant pres-
sure of 550 psig; the rressure was controlled by a preset Grove '"Powre-
actor Dome" Pressure iegulator (Type RBX 204-02), The pressure of the
air supplied to the rocket motor was regulated to the required value,
that vhich would give the reg ired flow rate, by means of a second
pressure regulator (Type RBX204~015, externally loaded); the Lutlet
pressure of the latter regulator was set by means of an Atlas reducing
and relief valve, The air flow rate was metered by a sharp-edged ori-
fice plate in conjunction with a differential pressure transducer
(Wiancko Model P 1203), the output of ths latter was recorded on an
automatic balancing potentiometer (Minneapolis Honeywell Model
160632-XX~Cl), From the nrifice plate the air flowed through a bipro-
pellant valve (taken from an Aerojet 38ALD'/-1500 JATO unit) to the in-
Jector, A safely valve was installed in tho air line and was seu to
1imit the maximum pressure to 600 psig,

4(b), Fuel Supply System., The fuels ussd in the investigation with
the exception of propane were supplied from compressed gas bottles,

The methane used was comrercizl grade (93.0 per cent purity), the
ethane was research grade (95.0 per cent minimum purity), and the
ethylene was research grade (99,5 per cent minimum purity). The methane
was supplied at 17G0 psig, the sthane at 528 psig, and the sthylene at
1200 psig (each pressure ak 70°F), The fuel from the supply cylinaer
entered the test cell at cylinder pressure and was reduced to a pres-
sure of approximately 550 psig by a preset Grove "Powreactor Dome
Pressure Regulator (Type RBX 204-015), The line pressure of the fuel

supplied to the rocket motor was regulated to give the desired flow
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rate, an externally loaded Grove "Powreactor Dome" Pressure Regulator
(Type WB 206-04) being employed for that purpose, The downstream pres-
sure was regulated to the desired value by means of an Atlas reducing
and relief valve, Downstream from the afore-mentioned Grove Repgulator
the fuel flowed through & sharp-edged orifice plate Ior metering ito
flow rate, The differential pressure across the orifice platc was mea-
sured by means of a Wiansko differential pressure transducer (Morial
P1207?). Fros the orifice plate the fuel flowed through the bipropel-
lant valve to the injector,

The popsne was transferred from s commercial low pressure Lotble
illustrated in Fig, 28, to an AISI, Type 347, stainless sieel spherical
tank which was hydrostatically tested to 1500 psig, The level nf the
liquid propane inside the stainless stcel tank was indicated by means
of a sight glass, The stainless steel tank was immersed in sn open
tank (ses Fig, 28) containing a mixture of ethylene glycol and water
having a freezing point of 0°F. The water-glycol mix'ure was hsatsd to
a tewperature of 170°F by four electrical immersion heaters (lModel TC-
4034-230V) made by the E, L, \llegand Company. At a temperature of
170°F the propane in the stainless steel tank becomes a saturated 1liquid
at a pressure of 425 psia, ‘hen that pressure is reached, a pressure
switch (Mercoid Model DA-2L) inatalled in the propane line in the test

coll opens an electric clicult %o & cofl of a

[ O

20 volt 90 2 rere relay
(Allen Bradley Modsl 70200A92A) which opens the circuit of the four ime
meraion heaters, ihen the pressure in the propene tank drops to 38% psis,
the circuit to the relay coil is closed by the pressure switch which in

turn closes the electric circuit for the immersion heaters, Figure 29
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is a schematic drawing illustrating the operation of the afore-mentioned
relay and lmmersion heaters,

The propane was supplied to the test cell at a pressure somewhere
Fetween 385 sn? 425 paia, It was discharged from the top of the high
pressure stainiess steel supply tank, 80 the propans left the tank in
the vapor phass, The line pressure of the propane vapor supplicd to
the rocket motor was regulated in the same manner as described for meth~
ane, ethans, and ethylene, A superheater was installed upstream of the
orifice plate in order to insurs that the prooane was in the superheated
vapor state before passing through the orifice,

A safety valve was inatalled on the high nrassurs nransma +ont.
the latter waa set at 575 psig.

5« Imition System, The fuel-alr mixture fed to the rocket motor com-

bustion chamber was ignited by an sutomotive type spark plug, which was
energized by a magneto (teken from an Allison V1710 engine) driven by a
one-quarter horsepowar elestric motori the latter was operated remotely
from the firing cenzale In the control room,

6. Research Rocke® lictor. Fipure 30 presents a cross-sectional drawing

of the research ro~:et motor, The internal diameter of the combustion
chamber is 3 3/8 inches and its length is determined by the pumber of
sections employed, Nonc of the sections of the combustion chamber were
tooied,

7. Mixing Chawber. Figurs 31 11lusirates the mixing chawber and in-
Jector soployod U the davestigation, The fuel and air ontered ihe
mixing chawt er througs concentric holes: the fuel entera! through the

central hole and tho air through the annulus surrowwding thet hole, The
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fual-air mixture then flowe! through baffles in the mixing chamber wherein
1t was thoroughly mixed, The mixing chamber and injection system were
designed to operate with a pressure drop of approxdmetely 150 pod so that
any tendency for low freguency combustion oscillations to occur would be

suppressed,
8, Combustion Chamber. The combustion chamber wag ssaasbled from mild

steel tubular ssctions illustrated in Fig. 30, There were fow dif~
ferent types of sections, The first type wan a thin-walled, uncooled
section, 8ix inches l~1g, having ne provision for installing high fre.
sraney pressure instrumentstion. The aeeond type was a heavy-walled
weooled section b inches long; it had fowr holes tapped in the side
for installing four high frequency rregsure transducers, The thind
type of section was a heavy-welled wicooled sectitn 6 inches long,
which bad four tapped holest one for the spark plug, one for the thermo-
couple, one for the steady-state combustion pressure tap, and one for a
hgh fregquency pressure trensducer, The fourth type of section con-
sisted of & group of three spacing rings of 1 duch, 2 inch, and 3 inch
lengths whose purpose wes to provide a means of varying the length of
the combustion chawber from 6 inches to 156 inches in one inch inersmente,
The spacing rings contained no instrumentation.

A fourth spacing ring shown in Fig, 30 was wed to shesth the in-
Jector,
9y IExhaust Noszole. The nowzler employed in the investigation are shown

in Pig. 4« The one-inch length nowzle was wsed in the mean combustion
pressurs-squivalence ratfo tests, ard the one, two, and four~inch nozzles

were used In the nozsle configuration tests.
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Instrumentstion and Measurements

1. FPresyure Instrumentation The instrumentation for measuring pres-

sure can be subdivided into two groups: {a} the hish frecusncy instru-
mentation and {b) the steady-atate irstrumentation,

{a} High Frequency Insirumentation. This instrumentation comprised
four individual channels of s water-cooled cepacitance type pressure
transducer (Photocon Model M-3C and 342) and the associsted electrical
equipment (Dynagage Model DG, 101 ard Power Supply P5102) menufaciured
by Fhotocon Research Products). The transducers are illusirated in
Pig, 32.

Since the Photocon tranaducers and elsctrinal smiinment were +a he
amployed for measuring rapidly fluctmsitiug pressurss, the characteristics
of the transducer under such conditions were required, A brief discus.
sion of the method in which the transducers were dynamieally cslibrated
mey be found in Reference 1, Figure 33 presents the dynamic response
of the Photocon Model M~30 transdusers, The oubputs of the Photocon
transducers were recorded on a six~channel, cathode ray oacdllograph
(Hathaway Model SC-16B).

The Photocon transducers were statically calibrated before each
experiment,

Water cooling woe used during the calibration if the transducers
wers to be water-cooled during vhe run, The calibration pressure was
recorded on the sawme oscillogresh record on which the test presmres
were recorded,

{b) The Steady-Siste Instrumentation. This instrumentation consisted
of indieating Bourdon type pressure gages and recording Bourdon tube
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pressure gagead, The 1recording Bourdor tube pressure gages consisted of -
four Esterline-Angus Model AW units, The fuel line pressure, the air
Xine pressure, injection pressure, and steady-state combustion pressure
wsrz recorded on the above wnits, The indicating Bourdon tube pressure
gages {Mersh Model 103) indicated the following presmirem: air line
lesder pressure, fusl line loader pressurs, air l‘-e pressure, fuel
lins pressure, air line pressure outside cell, regulated fuel supply
pressur=, and air manifold pressure,

2, Propellant Flow Instrumentation and Messurements. Instantaneous
flow rates were msasured by means of sharp-edged orifices in conjunction
with reluctance-type differential pressure transducers, The electrical
output from each differential pressure transducer was recorded by an
automatic balancing, continuous recording potentiomster, The diacharge
coefficlent for each orifice was determined by calibrating it with water,
Since gases were employed as the propellants, the densities were deter-
mined from the pressure and temperature measurements made upetream from
each orifice ; late, The upstream orifice pressurea were recorded on

the Esterline-Angus units mentioned previously, and the upstream orifice

temperatures were indicated un Simplytrol millivoitmeters (lHodel 351).

—~a—
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APPENDIX C
HEAT.RELEASE RATES OF THE FPROPELLANTS

The rate at which “wo gaseous spscies reant is governed by the
frequency at which collisicns ocecur between the molecules of the
specles and by the proportion of these cellisions which procduce raa:‘b;:on;
Tas nunbie of collicima whiek are productive ie proporilonel to e ﬁ""f,
where L is the acti*riien ensrgy, R the gis congbani, and '1‘f the
Sheanin, Laup s ubi Ve

The axidation of a hydrocarton has been shown to bo a chain reace
Lion completed after a large number of collisions between molecules of
many intermediste species, It may, howsver, be supposed that one reac-
tion In the chaln is more diffirult than the others and that it is this
reaction that predominantly controls ths rate at which the reaction takes
place (9). It may also be assumed that the concentrations of the two
anecies particinating in this link are themselves proportional wo the
concentrations of unbwrni fuel and oxygen respectively. This leads to

&n expression of the form

E
Q=xf 25, c 0 W (1)

where @ ie the heat-relzase rate per unit volume; K 4is a collision
freguency constant; T and p are the local mixture temperature and
pressura; and (34f and co are the local concentrations of fuel and
oxddizer,
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A atudy of equation ) reveals that the heal-release rate incrsases
88 the leceal mixture pressure and temperature ars increased, Since the
loesl mizlure pressure increases as the combustion pressure increases,
@ s8lec increases with the ccmbustion pressure.

It is convenient to express the temperature and the locsl concentra-
tiona in torms of the over—all fuel/aip rztlo £, the proportion of fucl
remaining unburnt ¢ , and the adiabatie flame tempepature Tt‘ Equs~

tion 1 becomes

E
- a0
Feoo . 2 sﬁ\3/2 L e - E;) - .
Q= Kte Ll-(l«-e)xf*]; (Ttna‘-q e (2)
P

wiers

X! i3 a constant.

## 1a the stoichiometric fuel/sir ratio.

H is the calorific value of the vomtustibile mixture,

Cp ia the mean specific hest betwesn 7T and Tf.
Although no dace are availsble Yor depieting the relutirmship between
the heat-release ratss of the afore-mentivoned grupellants; it is be-
lieved that burning velocity measursemunts for the propellants my bs
employed in a comparison of the hesl-pelease rates,

¥or exémple, nearly all of the thaorsticel equutions (153) for

norgal burning velocity can ultimately be reduced to the form

2

3% s py {3}

where

S is the normal burning viiocity.
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F s function of the transport properties of *he system, including
the diffusion coefficient, the thermal conduciivity, viscosity,
ehc,
W the reaction rate,

Equation 5 can be rewritten

) £ 12
[ -
J

S~ \Fre (4)

wharg L fa the Licenaus constant,

Since the premixed gaves used in thes investigaticns are comprised
mostly or alr. the funetian (F) af the Zaonenent weooortics of e
system becomes essentiaslly the same for 1l the propellants used, Thus
it le nece- jary to consider only the differences in buruing velocity of
the propellants when comparing the prepell.ant resction raies (or heat-
relesse rates).

Figure 24 illustrates qualitatively the variation of heat-release
rate with equivalence ratio for the propellants methane and air, ethene
and air, and ethylens und air, Figure 24 1s based upon data for the
burning velocities of the propellants (10).

Table 1 (Appendix E) presenta the dependence of the burning velocity
upon initial mixture teaperature and pressure for the propellsnis,
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APPENCIX D
PROCEDURE F(R CONDUCTING A ROCKET MOTOR RUN

The general procedure followed in conducting a rocket motor run
involved the following.

(1) Selecting the combustion chamder configuration.

(2) Selecting the propellants,

(3) Selecting tne instrumentation to hes =uployed,

(4) Calibrating the pressw > transducers,

(5) Operation
1, Selecting the Combusiion Chasber Configuration, The length of the
combustion chamber was rliered - changing the length of the tubular
sentions betwsen the injector and the nozzle, Various lengths ranging
from 6 to 28 inches in one-inch increments were available (see Appendix
B). Three different exhaust nozzles were available, as described In
Appendix B, having a throat diameter of one-half inch and different
convergence angles,
7. Selecting the Propellants. The gaseows propellants {methane and
air, ethane and air, ethylene and alr, and propane and air) were used
in the serles of experiments concerned with the steady-state combustion
pressure and equivalence ratio and the length of corbustion chamber,
Methane and air were utilized in the nozzle configuration experiments,

For eaci length of combustion chamber a rocket motor run was made

for each of the three propellant combinations,
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3. Selecting the Instrumentation to Bs FEmplayed, The previously se~
lscted combustion chamber configuration determined the number of high
frequancy pressure transducers to be employed, The steady-state com-
busilion prissure~squivalence ratio and the nozzle configuration experi-
ments utilized four Photocon transducers and the lengih of corbustion
chomber experiments utilized one Photocon. The location of tho Photuzons
wos described previously,

In addition, measurements were made of the pertinent variables for
determining the air flow rate, fuel flow rate, the injector pressure,
and the steady-stais combustion nrecaure,

L. Gelibrat he Pressure ducers. A maximum of six pro=suva
transducers were employed in any one rockev motur srune 1w of Thom
were differential pressure transducers (Wiancks) employed for measuring
the propellant flow rates, the remaining four were high frequency pres-
sure tranaducers (Photocon), All of the pressure transducers wers cali-
brated before sach rocket motor rium, Any pressurs tranaducsr that wae
to operate "water-cooled" during a firing run was waier-cooled during
its calibration,
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PROPERTIES OF THE PROPELLANTS
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